Geofoam is one of the geosynthetic products that can be used in geotechnical applications. According to researches, expanded polystyrene (EPS) geofoam placed directly against a rigid retaining wall has been proposed as a strategy to reduce static loads on the wall. is study employed a finite difference analysis using a 2-D FLAC computer program by considering yielding and nonyielding states for retaining walls to explore the effectiveness of geofoam panels in improving the static performance of cantilever retaining walls. Retaining walls at heights of 3, 6, and 9 meters and geofoam panels with densities of 15, 20, and 25 (kg/m 3 ) at three relative thicknesses of t/H � 0.05, 0.2, and 0.4 were modelled in this numerical study. In addition, the performance of the double EPS buffer system, which involves two vertical geofoam panels, in retaining walls' stability with four panel spacing (50, 100, 150, and 200 cm) was also evaluated in this research. e results showed that use of EPS15 with density equal to 15 (kg/m 3 ) which has the lowest density among other geofoam panels has a significant role in reduction of lateral stresses, although the performance of geofoam in nonyielding retaining walls is better than yielding retaining walls.
Introduction
Studies have shown that compressible materials between a rigid retaining wall and backfill reduced static [1] [2] [3] [4] [5] [6] [7] and dynamic [8] [9] [10] forces on the wall. Nowadays, panels with low density are used. Expanded polystyrene, which is one of the geosynthetic products known as geofoam, is a compressible material. Geofoam is one of the geosynthetic materials that are made of foam. Geofoam is very practical in geotechnical engineering due to its low bulk weight versus soil bulk weight and high compressibility, rapid and simple implementation, thermal insulation, and resistance against water absorption. It can be used in retaining walls, road construction projects as light fillers, and to reduce stress due to vertical loads in the base and subbase layers [3, 11, 12] . Generally, the main goals of the present study include an evaluation of the effect of geofoam's thickness and density, effect of using two vertical geofoam panels, effect of the sectional shape of geofoam (rectangular and trapezoidal) on displacements, and static forces on the cantilever retaining wall. It should be noted that in the present research, the mechanical behavior of the cantilever retaining wall has been assumed in two yielding and nonyielding states and the results were evaluated. the thickness of compressible material reduces soil lateral stresses. In addition, in a compressible matter with similar thickness, a reduction of the elasticity modulus of compressible matter causes a reduction of soil lateral stresses [2] .
e effect of geofoam in the reduction of static forces on a nonyielding retaining wall has been shown by numerical and physical modelling [13] . Trandafir and Bartlett studied the performance of two geofoam panels with a density of 25 kg/m 3 in the reduction of seismic forces on a nonyielding rigid retaining wall (9 meters). Finite element software Quake/W (GEO-SLOPE International Ltd., 2004) has been used in this study. One of the panels is placed against the retaining wall and the other one is placed inside the embankment at a certain distance from the first panel. Analysis of the seismic performance of two geofoam panels shows that the performance of geofoam is a function of the distance between panels. erefore, increasing the distance between two geofoam panels will increase their seismic performance and such an increase continues for a favorable distance. Afterwards, there is no increase in the seismic performance of geofoams in spite of an increase in the distance between two panels [8] . Numerical study conducted by Trandafir et al. [14] to determine the lateral pressures on rigid nonyielding retaining walls with geofoam inclusion for various wall heights and EPS panel thickness of t � 1.2 m by using finite element software Sigma/W (GEO-SLOPE International Ltd., 2008) showed that specific combinations of geofoam panel thickness and retaining wall height may induce plastic strains in the geofoam. An elastoplastic constitutive model was used to simulate the behavior of geofoam panel in this study. Finite difference analyses using FLAC 2D software by Ertugrul and Trandafir indicate that relative flexibility of the wall (dw) and relative stiffness of the deformable geofoam layer (Ei/ti) have an important role in reducing the lateral earth pressure on cantilever retaining walls. According to this research, it is concluded that as the wall flexibility increases, load reduction potential of the geofoam buffers decreases [15] . Recent research conducted by AbdelSalam et al. by using the finite element modelling code (PLAXIS 3D) [16] showed that EPS inclusions have an effective role on local and global geotechnical stability of flexible walls. According to this study, at an EPS thickness ratio of t/H � 0.13, factor of safety against overturning increases up to 40%. However, sensitivity analyses of the EPS geofoam performance in relation to the thickness ratio of geofoam panel indicate that there is an optimum thickness ratio at which the factors of safety against overturning and sliding are maximized.
Numerical Modelling and Material Properties
e dimensions required for modelling cantilever retaining walls are shown in Table 1 . All the retaining walls have been modelled on a 9-metre thick dense sand layer. Studies conducted by FLAC show that the ratio of embankment length higher than 5 meters to the elevation of the retaining wall has a low effect on wall response [9, 17] .
erefore, backfill length behind retaining walls is 45 meters for all models. Figure 1 shows the boundary condition of yielding and nonyielding retaining walls. Figure 1 (a) shows that the bottom part of the model in the horizontal and right directions, and the left and right sides of the model in the horizontal direction have a closed boundary condition in the yielding retaining wall. Figure 1(b) shows that in addition to the above, the exterior of the retaining wall (stem) in the horizontal direction has a closed boundary condition in nonyielding retaining walls. Meshing for modelling the 3-and 6-metre retaining walls has been chosen by the square elements of 0.3-metre dimensions and meshing of the 9-metre retaining wall has been chosen by the square elements of 0.45-metre dimensions.
Specifications of the cantilever retaining wall and soils used in the research are shown in Table 2 . In the numerical model of the cantilever retaining wall, a linear elastic behavioral model has been used and the Mohr-Coulomb model has been used for modelling soils. Backfill behind the retaining wall and the soil used in the foundation of walls is dense sand [10] .
ree types of EPS geofoams, such as EPS15, EPS20, and EPS25 with 15, 20, and 25 kg/m 3 density, have been used in the present research. e Mohr-Coulomb model has been used for the numerical modelling of EPS geofoam panels.
e mechanical properties of EPS20 and EPS25 were obtained from relations proposed by researchers based on Table 3 , and the mechanical properties of EPS15 were obtained from the research conducted by Zarnani and Bathurst [9] . e EPS geofoam properties are presented in Table 4 that have been used in this numerical study.
e interface friction angle between the soil and wall was constrained to the internal friction angle via the relationship δ soil−wall � (2/3)ϕ soil .
e interface friction angles between soil-geofoam and geofoam-wall were considered 26° [10] and 30° [19] , respectively.
According to the FLAC manual, both normal (k n ) and shear (k s ) stiffness are set to ten times the equivalent stiffness of the stiffest neighboring zone [22] , Table 1 : Cantilever retaining wall dimensions [18] . 
In this relation, K is the bulk modulus, G is the shear modulus, and Δz min is the smallest dimension of the smallest span near the boundary under study [22] . In the equation mentioned above, the values of normal sti ness and shear sti ness have been considered equally. Concerning research conducted on retaining walls, shear sti ness has values lower than those of normal sti ness [23] [24] [25] . According to relation 2, the shear sti ness of materials' interface is considered as 0.2 (equal to normal sti ness) [24] ,
Equation (1) presents a reasonable time for calculation of equilibrium sti ness and materials on both sides of the interface. If materials on one side of the interface are more rigid than the other side, (1) should be considered in terms of the soft part. erefore, the sti ness of the interface is 10 times the sti ness of the soft part, and this amount will be Advances in Civil Engineering 5 acceptable [22] . However, values of normal interface stiness between wall-foundation soil, wall-back ll soil, wall-EPS, EPS-foundation soil, and EPS-back ll soil, according to Appendix A, varied between 146 and 4940 MPa for 3 m and 6 m high wall and for 9 m high wall they varied between 97 and 3290 MPa. Figure 2 shows horizontal displacement contours (m) for yielding retaining walls without using the geofoam panel.
Results of Analysis

E ects of Geofoam ickness.
As mentioned, the e ect of geofoam on soil lateral displacement and statical forces on cantilever retaining walls with yielding and nonyielding boundary conditions has been studied in the present research. [15] for physical and numerical modelling of rigid (with a relative exibility of dw 0) and exible (with a relative exibility of dw 524) cantilever retaining walls. Figure 4 shows a reduction of forces on yielding and nonyielding retaining walls in case of using EPS15, EPS20, and EPS25 with 15, 20, and 25 kg/m 3 density, respectively. A dimensionless parameter, A P , is the isolation e ciency of geofoam panel to measure the reduction of wall force with and without using geofoam at di erent thicknesses of geofoam panel was calculated according to the following equation:
where P 0 and P are the forces acting on the retaining wall with and without using the geofoam panel, respectively. It can be seen that the increasing thickness of geofoam reduces forces on retaining walls and geofoam e ciency is increased by a reduction of forces on the walls. ese have been shown by Ertugrul and Tranda r for nonyielding retaining wall with using three di erent EPS geofoam panel thicknesses (t/H 0.07, 0.14, and 0.28) [13] . As seen in the gure, the e ect of geofoam in the reduction of forces on nonyielding retaining walls is higher than that for yielding walls.
e e ect of the EPS geofoam thickness ratio on reduction of lateral pressure in cases of using EPS15, EPS20, and EPS25 for yielding and nonyielding retaining walls is represented in Appendix B. Figure 5 indicates the e ect of geofoam density on static forces on the cantilever retaining walls at di erent thicknesses of geofoam. As seen in this gure, there is a general trend towards decreasing lateral pressures on nonyielding retaining walls with decreasing EPS density at equal thickness of geofoam panels.
E ects of Geofoam Density.
e results showed that use of EPS15 which has the lowest density among other geofoam panels has a signi cant role in reduction of lateral stresses on yielding and nonyielding retaining walls. However, the e ect of EPS15 geofoam density on yielding retaining walls at a height of 6 meters is di erent from nonyielding retaining walls, which requires further studies. Figure 6 shows the e ect of geofoam density with a relative thickness of 0.05 H on the lateral displacement of soil in yielding and nonyielding walls, respectively. Lateral displacements of soil increase by a reduction in geofoam density. e increasing elevation of the wall increases lateral displacements of soil.
E ects of Number Geofoam Panels and Cross-Sectional Shape of Geofoam.
e results showed that two geofoam panels had a more optimal e ect on the reduction of seismic forces in nonyielding retaining walls [8] . In the present research, the e ect of two geofoam panels on cantilever retaining walls was studied via static analysis. In order to compare the performance of two geofoam panels and one geofoam panel in the reduction of forces on the wall, two geofoam panels with 15 kg/m 3 density (EPS15) and a relative thickness of 0.4H (thickness of each panel is 0. one geofoam panel with a relative thickness of 0.4 H. According to the results, unlike a nonyielding retaining wall, using two geofoam panels is proper only in the 3-metre yielding retaining wall with a distance of 50 cm. Finite element results of 9-meter rigid retaining wall by Trandafir and Bartlett [8] showed that by the use of double EPS buffer system, seismic load reduction efficiency of geofoam inclusions increases by almost 5% at optimum EPS panel spacing of d � 90 cm. According to their results, additional increase in the EPS panel spacing produces a decline in the seismic panels' performance. As seen in Figure 7 (a), using two geofoam panels in the 3-metre yielding retaining wall improves geofoam efficiency about 5% compared to a single rectangular geofoam panel of the same EPS volume. As shown in Figure 7 pressures on nonyielding retaining walls, EPS isolation efficiency (i) for a height range of 6 to 10 meters is approximately the same for a relative thickness of t/H � 0.4 [14] . In the present study, the same result has been obtained by using two geofoam panels for 6-and 9-meter nonyielding retaining walls. Research indicated that a cross section of geofoam plays a considerable role in the reduction of forces on the retaining wall [8, 26] . Also, research studies have indicated that the trapezoidal shape of geofoam behind the nonyielding retaining wall will have a more favorable effect on the reduction of seismic forces on the retaining wall [8] . 
Effects of Stiffness of Geofoam. According to Zarnani and Bathurst with increasing EPS geofoam stiffness (k � E/t),
seismic isolation efficiency of EPS inclusion nonlinearly reduced [17] . Figure 11 shows the effect of stiffness of geofoam (k � E/t) (ratio of elasticity modulus of geofoam to thickness of geofoam) on the reduction of forces on yielding and nonyielding retaining walls. As seen in the figure, when the stiffness of geofoam is decreased, geofoam performance increases via a reduction of forces. Figure 12 shows the effect of relative stiffness of geofoam (E b /E g ) (ratio of elasticity modulus of backfill behind retaining wall to elasticity modulus of geofoam panels under study) on the reduction of forces on yielding and nonyielding retaining walls. As can be seen in this figure, when the relative stiffness of geofoam is increased, forces on the retaining walls are reduced and geofoam performance increases via a reduction of forces. is has been shown by Ertugrul et al. for nonyielding retaining wall [13] . As seen in the figure, in nonyielding retaining wall and geofoam with the relative thickness of 0.4 H, wall height has no considerable effect on the static efficiency of geofoam panels. is result has been shown by Trandafir et al. [14] .
Effects of Relative Stiffness of Geofoam.
Effect of Geofoam on Overturning Safety Factor of
Retaining Wall. As mentioned, the effect of geofoam on soil lateral displacement and statical forces on the cantilever retaining walls with yielding and nonyielding boundary conditions has been studied in the present research. Table 5 indicates the safety factor of stability for the 3-, 6-, and 9-metre yielding retaining walls without using geofoam. Figure  13 indicates the effect of geofoam, in the cases of using EPS15, EPS20, and EPS25, on the overturning safety factor of yielding retaining walls. According to the figure, the relative thickness of t/H � 0 related to without using EPS geofoam panel. As seen in the figure, geofoam with the relative thickness of 0.05 H is a reasonable selection for increasing the overturning safety factor of the cantilever retaining wall. However, relative thicknesses more than 0.2 H are not recommended due to a reduction of resisting forces and stability of cantilever retaining walls. At a thickness of 0.4 H, the overturning safety factor of yielding retaining walls is reduced by 50%.
Conclusions
In the present numerical study, finite difference software FLAC in 2D analysis state has been used. e main goal of the research is to study the effect of geofoam on the behavioral improvement of cantilever retaining walls in static conditions. e results of the present research are as follows:
(1) According to results, increasing the geofoam thickness increases soil lateral displacement and reduces forces on cantilever retaining walls.
(2) Forces on cantilever retaining walls are reduced and soil lateral displacement is increased by a reduction of geofoam density with equal thickness.
(3) Two geofoam panels have no considerable e ect on the reduction of static forces on yielding and nonyielding retaining walls. According to the present study, increasing the geofoam thickness reduces forces on cantilever retaining walls. erefore, geofoam with the relative thickness up to 0.05 H improves the overturning safety factor of retaining walls. However, it is not recommended to use geofoam with the relative thickness higher than 0.2 H in the yielding cantilever retaining walls due to a reduction of resistive forces and stability reduction of such walls against overturning. At a thickness of 0.4 H, the overturning safety factor of yielding retaining walls is reduced by 50%.
(6) E ect of geofoam on the reduction of forces on nonyielding cantilever retaining walls is more than that on yielding walls. erefore, geofoam is mostly used to reduce static forces on nonyielding retaining walls.
Appendices
A. Normal Interface Stiffness Values
Details related to the sti ness of the materials' interface for retaining walls have been shown in Tables 6 and 7 (k s 0.2 k n ). 
B. Effect of Geofoam Thickness Ratio on Reduction of Lateral Pressure
Figures 14-16. show a reduction of forces on yielding and nonyielding retaining walls in the cases of using EPS15, EPS20, and EPS25, respectively. Advances in Civil Engineering 15
Lateral stress on cantilever retaining wall (kPa) σ y :
Yield strength of geofoam (kPa).
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